Although much progress has been made for III-nitrides research and development in terms of both fundamental understanding as well as devices applications, the materials we understood relatively well including only the GaN compound and In ͑Al͒ GaN alloys with In ͑Al͒ content less than 30% ͑50%͒. InGaN alloys with high In contents ͑Ͼ50%͒, which emit light in the orange to red color spectral range, can be replaced by other semiconductors. However, AlGaN alloys with high Al contents, covering 350-200 nm, cannot be replaced by any other semiconductor system due to the fact that no other semiconductors possess such a large direct band gap ͑diamond is 5.4 eV with indirect band gap͒ as well as the ability of band-gap engineering through the use of heterostructures.
Currently, there is much need of solid-state ultraviolet ͑UV͒ emitters for many applications, including next generation lighting and chem-bio-agent detections. In such applications based on III-nitride wide band-gap semiconductors, both n-and p-type high quality AlGaN alloys with high Al contents are indispensable. However, achieving device quality AlGaN with high conductivities and quantum wells with high Al contents remains as one of the foremost challenging tasks for the nitride community. In particular, our knowledge concerning the optical properties of AlN is very scarce, despite its importance for fundamental understanding of wide band-gap semiconductor properties as well as for device applications. Band-edge photoluminescence ͑PL͒ emission lines in AlN have not been reported previously due to the lack of high quality materials as well as technical difficulties involved in the deep UV ͑down to 200 nm͒ PL measurements. As a consequence, very little is known of all fundamentally important optical transitions in AlN. The reported band gap and optical data were mostly obtained through the optical absorption measurements. Although band-edge emission lines near 6.0 eV have been observed in AlN at room temperature by cathodoluminescence ͑CL͒ measurement, 1, 2 the broad feature of the emission bands ͑linewidth larger than 100 meV͒ due to the presence of high concentration of defects/impurities as well as the use of the high-energy electron beam excitation made the identification of the transition mechanisms in AlN epilayers very difficult. AlN is an end point of the AlGaN alloy system, we would not have a complete image for the AlGaN alloy system, particularly Al rich AlGaN alloys, before we obtain a better understanding of the AlN compound.
With its large direct band gap of about 6.1 eV at room temperature, high thermal conductivity and hardness, and high resistance to chemicals, 3 AlN has many attractive features. 4 For example, AlN has applications for surface acoustic wave ͑SAW͒ devices because of its piezoelectric properties. 5 It is needless to say that the future applicability of AlN devices depends on the development of methods for producing high quality materials and device structures as well as on the full understanding of the basic properties of this material. From the materials growth point of view, feedback from different material characterization techniques is essential for achieving further improvements in materials quality. Due to its insulating nature, electrical characterization methods such as Hall effect measurement, which has been extremely effective for optimizing GaN growth, is no longer applicable to AlN. It has also been difficult to characterize the optical properties of AlN due to its wide band gap. Although x-ray diffraction measurement ͑XRD͒ can provide information about crystalline quality, it provides very little information about electrical and optical qualities of AlN epilayers. Because of our optical measurement capabilities for working with AlN, 6,7 we are equipped with ''eyes'' for monitoring the optical quality as well as for probing the fundamental optical properties of AlN. In this letter, we report the achievement of high quality AlN epilayers that emit exciton PL emission.
The 1 m thick AlN epilayers were grown by metalorganic chemical vapor deposition ͑MOCVD͒ on sapphire ͑0001͒ substrates with low temperature AlN nucleation layers. Trimethylaluminum ͑TMAl͒ and NH 3 were used as Al and N sources. ͑XRD͒ revealed that the full width at halfmaximum ͑FWHM͒ of the AlN ͑0002͒ rocking curves varied from 150 to 500 arcsec, which are among the best values reported for AlN epilayers. out on AlN, a specially designed deep UV laser spectroscopy system was utilized, which basically consists of a quadrupled Ti:sapphire laser together with a streak camera, providing an excitation power of about 3 mW at 196 nm.
6,7 For GaN, in addition to the 196 nm deep UV laser, a second laser system with excitation wavelength tunable from 285 to 320 nm was also used as an excitation source. This second laser system consisted of a cavity-dumped dye laser with 6G dye solutions, which was pumped by a YAG laser with a frequency doubler, while the output of the dye laser was frequency doubled again to provide a tunability from 285 to 320 nm. 6 The PL results of GaN obtained by the two laser systems of different excitation wavelengths are similar. For example, the ratio of the PL emission intensity at room temperature to that at 10 K in GaN obtained by the two laser systems of different excitation wavelengths was about the same. Hence, we believe that the effect due to the variation in optical absorption depth as a result of the use of different excitation wavelengths for different materials ͑AlN versus GaN͒ is negligibly small. Figure 1 compares the low temperature ͑10 K͒ PL spectra of our AlN and GaN epilayers covering a broad spectral range from 2.2 to 6.2 eV for AlN and 1.8 -3.6 eV for GaN. One can see that the peak emission intensity of the deep level impurity related transition at 2.16 eV ͑the yellow line͒ in our GaN epilayers is about four orders of magnitude lower than that of the band-edge transition at about 3.48 eV, revealing the high optical quality of our GaN. In AlN, there are two broad emission bands related with deep level impurities at about 2.94 and 4.36 eV, however with peak ͑integrated͒ emission intensity being only 1% ͑3%͒ of that of the bandedge emission line at 6.033 eV, which indicates that the optical quality of our AlN epilayers is also sufficiently high. It was observed that the optical quality or the intensity ratio of the band-edge to the deep level impurity transitions depends strongly on the growth conditions. Figure 2 compares the room temperature PL spectra of AlN and GaN epilayers, again covering broad spectral ranges. One sees that at room temperature the PL emission intensity of the deep level impurity related transition is also about two orders of magnitude lower than that of the bandedge transition in our AlN epilayers. This points to a muchimproved optical quality of our AlN epilayers over those in previous CL studies, in which a comparable peak emission intensity for the deep level impurity related and the bandedge transition lines was observed in AlN grown on sapphire substrates.
1,2 The low temperature PL emission spectrum of AlN is replotted in Fig. 3 in a narrower spectral range to reveal more detailed features of the band-edge emission, in which two transition lines at 6.017 and 6.033 eV can be clearly distinguished. The emission spectral line shape resembles those of GaN epilayers produced at earlier stage in which both free-and bound-excitons emission lines were present. 10 Our preliminary results from time-resolved PL studies suggest that the 6.033 eV line may result from the free-exciton recombination ͑FX͒, while that at 6.017 eV from the donor-bound-exciton recombination ͑or I 2 ). However, more careful studies are needed and are in progress to identify the origins of these two transitions. Table I summarizes the PL emission properties of AlN and GaN epilayers measured at 10 and 300 K, including PL peak position (E p ), FWHM, peak intensity (I p ), and integrated intensity (I int ). The peak and integrated intensities for AlN and GaN are measured relative to that of GaN at 10 K ͑as 100͒. It is interesting to note from Table I and Figs. 1 and 2 that although the 10 K band-edge emission intensity is about one order of magnitude lower in AlN than in GaN, the room temperature emission intensities are comparable for both compounds. This implies that the thermal quenching of PL emission intensity is greatly reduced in AlN over GaN, which suggests that the detrimental effect of impurities and dislocations or nonradiative recombination channels in AlN is much less severe than in GaN. This points to the great potential of AlN for many device applications, because it is already well known that the detrimental effect of dislocations/impurities in GaN is much smaller than in other III-V and II-VI semiconductors.
In the past, AlN is referred to as a ceramic due to its very large band gap, poor quality, and highly insulating nature and is considered useful as a semiconductor only when alloyed with GaN or used as buffer and spacer layers in nitride structures and devices. Our results show that it is now emerging as an important semiconductor material, namely AlN epilayers of high optical qualities can be achieved by MOCVD. Since it is still at a very early stage for AlN epilayer growth, significant improvements in materials quality are anticipated. For example, during the last a few months, we have enhanced ͑suppressed͒ the emission intensity of the band-edge transition ͑deep level impurity related transition͒ by three orders of magnitude. However, an important issue for achieving a true semiconducting AlN is how to control its conductivity. Indeed, it was shown recently that the conductivity of AlN can be controlled and n-type conduction with a free electron concentration of about 1ϫ10 17 cm Ϫ3 has been achieved by Si doping. 11 With the demonstrated abilities of achieving high optical quality here and the n-type conductivity control of AlN epilayers, many applications of III-nitrides are conceivable. The most important message we want to deliver in this letter is that AlN can be grown as good as GaN and that the detrimental effect of nonradiative recombination channels in AlN is much less severe than in GaN.
In summary, AlN epilayers with high optical qualities have been grown by MOCVD on sapphire substrates. Very efficient band-edge PL emission lines have been observed with above band-gap deep UV laser excitation. The emission intensities of the deep level impurity transitions are about two orders of magnitude lower than that of the band-edge transition at room temperature. We have shown that the optical quality of AlN can be as good as GaN as demonstrated by quantum efficiency of PL especially at room temperature. 
